Spinalized rats that receive shock when 1 hind limb is extended (contingent shock) exhibit an increase in flexion duration, a simple form of instrumental learning. Rats that receive shock independent of leg position (noncontingent shock) do not exhibit an increase in flexion duration and fail to learn when tested with contingent shock 24 hr later. It appears that noncontingent shock induces an intraspinal modification that inhibits the capacity to learn. The authors propose that the mechanisms that underlie this effect depend on de novo protein synthesis. To evaluate this hypothesis, the authors gave spinalized rats the protein synthesis inhibitor cycloheximide (CXM) or saline intrathecally prior to, or immediately after, noncontingent shock exposure. Twenty-four hours later, rats were tested with contingent shock. Rats that received the vehicle and noncontingent shock failed to learn. CXM-treated shocked rats learned normally, suggesting that the learning deficit depends on protein synthesis within the spinal cord.
Prior research suggests that the spinal cord, independent of the brain, is capable of some forms of behavioral plasticity including Pavlovian (Durkovic, 1975; and instrumental (Chopin & Buerger, 1976; Grau, Barstow, & Joynes, 1998; Grau, Joynes, & Penland, 1996; Segal & Wolf, 1994) conditioning. There is also evidence that the intraspinal circuit that organizes locomotor behavior is sensitive to response-outcome (instrumental) relations (Grillner & Dubuc, 1988; Hodgson, Roy, de Leon, Dobkin, & Edgerton, 1994; Nakada, Hodgson, de Leon, Roy, & Edgerton, 1994; Rossignol, Drew, Brustein, & Jiang, 1999) .
In our laboratory, we used a modified version of the Horridge (1962) paradigm to examine the nature of instrumental learning within the spinal cord. Briefly, rats in one group (master) received a shock to the tibialis anterior muscle whenever the hindlimb fell below a preset criterion (contingent shock). Another group was experimentally yoked to the master group. Each subject in the yoked group received shock whenever its master partner was shocked. Consequently, subjects in the yoked group received the same amount of shock as the master, but the shock was independent of leg position (noncontingent shock). Master rats showed increased response durations over time, which minimized net shock exposure. Yoked rats did not. Furthermore, prior exposure to noncontingent shock prevented learning when subjects were subsequently tested with response-contingent shock. We have shown that just 6 min of noncontingent shock undermines learning for up to 48 hr (Crown, Ferguson, Joynes, & Grau, 2002) and that this inhibition of learning depends on an intraspinal modification (Joynes, Ferguson, Crown, Patton, & Grau, 2003) .
In other paradigms, researchers have shown that long-term changes in behavioral plasticity frequently depend on gene expression and de novo protein synthesis (see Davis & Squire, 1984; Ressler, Paschall, Zhou, & Davis, 2002) . Given these findings, we hypothesized that the long-term consequences of noncontingent shock on intraspinal plasticity may also depend on protein synthesis. If this is true, then pharmacologically inhibiting protein synthesis through the administration of cycloheximide (CXM) should prevent the behavioral deficit normally observed 24 hr after noncontingent shock.
Method

Subjects
The subjects were 48 male Sprague-Dawley rats from Harlan (Houston, TX). All rats weighed between 360 and 460 g and were 100 -120 days old. Subjects were individually housed and maintained on a 12-hr light-dark cycle. Food and water were available ad libitum. All of the experiments were reviewed and approved by the institutional animal care committee at Texas A&M University, and all National Institutes of Health guidelines for the care and use of animal subjects were followed. wire (0.09 mm diameter; Small Parts Inc., Miami Lakes, FL) was inserted into the subarachnoid space on the dorsal surface of the cord (Yaksh & Rudy, 1976) . The cannula was inserted 9 cm down the vertebral column, and the exposed end of the tubing was secured externally to skin tissue with cyanoacrylate. The wound caudal to the exposed tubing was closed with Michel Clips (Fine Science Tools, Foster City, CA), and the stainless steel wire was carefully removed.
Immediately following surgery, the rats were injected with 0.9% saline (2.5 ml ip). To prevent muscular damage due to unnatural extension during recovery, we gently secured the rats' legs in a natural flexed position with a piece of porous tape (1.3-cm width) wrapped once around their body and legs. Subjects were maintained in a temperature-controlled room (25.5°C) during recovery with food and water available ad libitum. Bladders were expressed twice per day and immediately before any behavioral procedures were performed. At the end of testing, rats were euthanized with pentobarbital (100 mg/kg). Complete transections were confirmed by (a) visually inspecting the cord during surgery, (b) observing behavior after recovery to ensure complete paralysis below the forelimbs and no vocalization when exposed to leg shock, and (c) examining the cord postmortem in a randomly selected subset of subjects.
Apparatus
Noncontingent shock was administered while rats were loosely restrained in opaque, black Plexiglas tubes that were 22.0 cm in length and 6.8 cm in diameter. A flat floor was constructed from a sheet of black Plexiglas 5.5 cm wide and was attached 5.3 cm below the top of the tube. Shock was delivered to the tail using an electrode constructed from a modified fuse clip. The electrode was coated with electrocardiogram (ECG) gel (Harvard Apparatus, Holliston, MA) and secured with porous tape approximately 6.0 cm behind the base of the tail. Constant-current 1.5-mA shock was delivered using a 660.0-V transformer. A Macintosh computer controlled the onset and offset of noncontingent shock.
Instrumental testing was conducted while rats were loosely restrained in tubes (23.5 cm [length] ϫ 8.0 cm [internal diameter]; see Grau et al., 1998 , Figure 1 ). Two slots (5.6 cm [length] ϫ 1.8 cm [width]) were cut 4.0 cm apart, 1.5 cm from the end of the tube, allowing both hind legs to hang freely. Shock was delivered using a BRS/LVE (Laurel, MD) shock generator (Model SG-903). Two electrodes inserted over the tibialis anterior muscle were connected to a computer-controlled relay that regulated the application of leg shock.
Leg position was monitored during testing using a contact electrode constructed from a 7.00-cm long, 0.46-mm diameter stainless steel rod that was taped to the foot. The last 2.50 cm of the electrode was insulated from the foot with heat-shrink tubing. A fine wire (0.01 mm 2 ; 36 American Wire Gauge) was attached to the end of the rod. This wire (20.00 cm) extended from the rear of the foot and was connected to a digital input monitored by a Macintosh computer. A plastic rectangular dish (11.50 cm ϫ 19.00 cm ϫ 5.00 cm) containing a sodium chloride (NaCl) solution was placed approximately 7.50 cm below the restraining tube. A drop of soap was added to the solution to reduce surface tension. A ground wire was connected to a 1.00-mm wide stainless steel rod that was placed in the solution. When the contact electrode attached to the rat's paw touched the solution (indicating an extended ankle joint), it completed the circuit monitored by the computer and delivered a shock to the tibialis anterior. The state of this circuit was sampled at a rate of 30 times/second.
Flexion force was measured by attaching a monofilament plastic line ("4 lb test" Stren, Dupont, Wilmington, DE) to the rat's foot immediately behind the plantar protuberance. The 40-cm length of line was passed through an eyelet attached to the apparatus directly under the paw, 16 cm beneath the base of the tube. The end of the line was attached to a strain gauge (Fort-1000, World Precision Instruments, New Haven, CT) that was fastened to a ring stand. After the line was connected to the rat's paw, the ring stand was positioned so that the line was taut, just barely registering on the gauge. The strain gauge had previously been calibrated by determining the relationship between voltage and force in newtons. These data revealed a linear relation that allowed us to convert voltage to force.
Procedure
Experiment 1. Thirty-two subjects were randomly assigned to four groups (n ϭ 8). Groups received either noncontingent shock or an equal period of restraint and either CXM (10 g in 10 L) or 0.9% saline resulting in a 2 (shock or no shock) ϫ 2 (CXM or NaCl) design. Twentyfour hours after surgery, rats received intrathecal administration of either 10 L CXM or saline. Drug administration was followed by the infusion of 10 L saline to flush the cannula. We had previously determined that the 25-cm length of cannula implanted held a volume of 10 L. Consequently, the saline flush was needed to displace the drug from the cannula. A 10-g dose was chosen on the basis of prior research demonstrating that this dose produces a near maximal inhibition of protein synthesis (Ͼ90%) when microinjected into the brain (Barondes & Cohen, 1967) and blocks the development of mechanical allodynia when administered intrathecally in a model of neuropathic pain (Laughlin, Bethea, Yezierski, & Wilcox, 2000) .
After drug infusion, rats were placed in the tubes described above for noncontingent shock and secured with three lengths of porous tape across the open end of the tube. Electrodes coated with ECG gel were secured to the rat's tail, as described above, and rats were allowed to acclimate for approximately 35 min to allow the drug to take effect. Next, rats received either 6 min of noncontingent shock or an equivalent period of restraint. Shocks (80-ms duration) occurred on a variable time schedule, with a mean interstimulus interval of 2 s (range: 0.2 to 3.8 s).
Twenty-four hours after noncontingent shock, subjects were tested with response-contingent shock. A wire electrode was inserted through the skin over the distal portion of the tibialis anterior (1.5 cm from the plantar surface of the foot), and one lead from the generator was attached to this wire. Rats were placed in the apparatus, and a contact electrode was secured to the foot between the second and third digits with a piece of porous tape. The shock generator was set to deliver a 0.4-mA shock, and the proximal portion of the tibialis anterior (approximately 1.7 cm proximal to the wire electrode) was probed with a 2.5-cm stainless steel pin attached to a shock lead to find a robust flexion response. The pin was then inserted 0.4 cm into the muscle. A strain gauge was used to verify that a single, intense (1.6-mA, 0.3-s) test shock could elicit at least a 0.8-N flexion force. Shock intensity was then adjusted to elicit a 0.4-N flexion force.
To minimize lateral leg movements, we wrapped a 20-cm piece of porous tape around the leg and attached it to a bar extending across the apparatus directly under the front panel of the restraining tube. The tape was adjusted so that it was taut enough to slightly extend the knee. Finally, three short (0.15-s) shock pulses were applied, and the level of the salt solution was adjusted so that the tip of the contact electrode (attached to the rat's foot) was submerged 4 mm below the surface. A rat's capacity to perform the instrumental response was then tested with exposure to 30 min of response-contingent shock. Whenever the rat's leg fell below the level of the salt solution, a shock was delivered through electrodes to the tibialis anterior muscle causing the ankle to flex. Leg position was monitored by a Macintosh computer at a sampling rate of 30 Hz.
Experiment 2. Sixteen spinally transected rats received 6 min of noncontingent tail shock as described above. After shock treatment subjects received CXM (10 g in 10 L) or 0.9% saline followed by 10 L saline to flush the cannula. Twenty-four hours later, subjects were tested for 30 min with response-contingent leg shock as described in Experiment 1.
Behavioral Measures
Three behavioral measures were used to assess a subject's capacity to perform the instrumental response: response number, response duration, and time in solution (see Grau et al., 1998) 
Statistics
All results were analyzed using analyses of variance (ANOVAs) and trend analyses. In all instances, a criterion of p Ͻ .05 was used to assess statistical significance.
Results
Experiment 1
Experiment 1 examined whether administering CXM prior to intermittent tail shock would block the behavioral deficit observed 24 hr later when subjects were tested with response-contingent leg shock. At the start of testing, we assessed the duration of the first flexion response to determine whether drug treatment had a longterm effect on behavioral reactivity. Mean (Ϯ SEM) initial response durations ranged from 0.13 s (Ϯ0.001) to 0.79 s (Ϯ0.64). An ANOVA showed that these differences were not significant, all Fs Ͻ 1.06, p Ͼ .05.
The effects of CXM on response duration are depicted in Figure  1A and 1B. Vehicle-treated rats that had not received shock (NaCl UnShk) learned to maintain their leg in a flexed position, whereas previously shocked rats (NaCl Shk) failed to learn. The effects of CXM on response number are depicted in Figure  1C and 1D. Saline controls and rats treated with CXM exhibited fewer responses than rats that received saline and shock. There was a significant main effect of drug, shock, and time, all Fs Ͼ 6.08, p Ͻ . 
Experiment 2
CXM administered prior to intermittent shock exposure eliminated the behavioral deficit normally observed 24 hr later. This implies that long-term consequences of shock exposure depend on protein synthesis. Because this process takes some time to invoke, it may not be necessary to administer CXM prior to intermittent shock exposure-an equivalent amount of the drug given soon after shock could also attenuate the deficit. Experiment 2 evaluated this possibility.
Response duration at the start of testing ranged from 0.16 s (Ϯ0.009) to 0.21 s (Ϯ0.044). This difference was not statistically significant, F(1, 14) ϭ 1.18, p Ͼ .05.
The impact of CXM given after shock treatment is illustrated in Figure 2 . As usual, vehicle-treated shocked rats (Shk NaCl) exhibited poor performance on our primary measure of learning, response duration (Figure 2A and 2B) . Administration of CXM after shock attenuated the deficit. An ANOVA confirmed that drug treatment had a significant impact, F(1, 14) ϭ 4.54, p Ͻ .05. There was also a significant effect of time and Drug ϫ Time interaction, both Fs Ͼ 1.55, p Ͻ .05. As usual, rats that failed to learn exhibited more responses ( Figure 2C and 2D ). This yielded a significant Drug ϫ Time interaction, F(29, 406) ϭ 1.56, p Ͻ .05.
Neither the main effect of drug nor time were significant, both Fs Ͻ 3.62, p Ͼ .05.
General Discussion
Inhibiting protein synthesis blocked the detrimental effects of noncontingent shock. Similar results were obtained when the drug was administered before (Experiment 1) or after (Experiment 2) shock treatment. The latter result provides the first demonstration that the deficit observed after uncontrollable shock depends on a form of consolidation that extends beyond the shock period. The results of Experiment 2 also discount an alternative interpretation of the results-that CXM blocks the long-term consequences of shock exposure because it undermines an afferent (sensory) neural process. If this were true, CXM given soon after shock treatment should have no effect. The fact that CXM remained effective implies that the long-term deficit depends on de novo protein synthesis.
Prior research has shown that protein synthesis inhibitors have a slow onset (3-4 hr) and long duration (up to 12 hr; Barondes & Cohen, 1967) . These observations, in conjunction with the results from Experiment 2, imply that the CXM affected a process that occurs hours, rather than minutes, after shock treatment. This is an important observation because it suggests that there may be a relatively long temporal window (on the order of hours) within which therapeutic treatments could remain effective. We have previously suggested that the deficit observed after noncontingent shock depends on mechanisms involved in central sensitization . Central sensitization is observed after prolonged noxious stimulation and involves a hyperexcitability of spinal neurons that have been linked to increased reactivity to mechanical stimuli (allodynia) and neuropathic pain (Woolf & Costigan, 1999) . The behavioral deficit induced by noncontingent shock in our laboratory also results in allodynia Ferguson, Crown, Washburn, Miranda, & Grau, 2001 ). In addition, both the behavioral deficit and central sensitization are blocked by the N-methyl-D-aspartate (NMDA) antagonist MK-801 (Dougherty, Palecek, Paleckova, Sorkin, & Willis, 1992; Ferguson, Crown, Patton, & Grau, 2002) . Moreover, compounds known to produce central sensitization (inflammatory agents; e.g., formalin) also undermine behavioral potential in the spinal cord (Coderre, 2001; Ferguson et al., 2001) . Inflammation and the consequences thereof are blocked by the kappa-opioid antagonist norbinaltorphimine dihydrochloride (Caudle, Chavkin, & Dubner, 1994; Millan, 1986 Millan, , 1999 as well as the gamma-aminobutyric acid antagonist bicuculline (Sluka, Willis, & Westlund, 1993 . These drugs also block the induction of the behavioral deficit Joynes & Grau, in press) . Demonstrating that the behavioral deficit depends on protein synthesis strengthens the link to central sensitization because it too depends on protein synthesis (Porreca et al., 2001; Zimmermann, 2001) .
Another related phenomenon is long-term potentiation (LTP; see Willis, 2002, for review) . Like central sensitization, LTP is induced by a strong afferent signal, can have a lasting effect that depends on protein synthesis, and is dependent on the NMDA receptor in some cases (see Davis & Squire, 1984; X. G. Liu & Sandkuhler, 1995; Nguyen & Kandel, 1996) . Pavlovian and instrumental conditioning within the spinal cord are blocked by pretreatment with an NMDA antagonist, which has led researchers to suggest that these selective enhancements in response amplitude depend on a form of LTP (Joynes, Janjua, & Grau, 1995) .
Whether LTP can occur depends on the background level of synaptic potential remaining within the neural network (McNaughton, 1983 ). There must be some plastic potential remaining for a stimulus-stimulus or response-outcome relation to induce a selective alteration within a neural network. If activity within the network has been pushed to its maximal sustainable level, it would be impossible to induce the type of selective modification required to change a specific response pathway. In addition, it has been shown that a prolonged intense input can saturate a neural network within the hippocampus and block the induction of LTP (Moser & Moser, 1999) . In a similar fashion, the intense afferent signals that give rise to central sensitization, leading to the loss of behavioral potential within the spinal cord, may block instrumental learning by inducing a form of saturation.
The type of overexcitation needed to saturate spinal cord neurons could engage destructive processes within the spinal cord that contribute to the adverse effects of uncontrollable nociceptive stimulation. High levels of afferent stimulation can lead to excessive release of excitatory amino acids that increase cell vulnerability and initiate programmed cell death (apoptosis). We have shown that shocked animals exhibit greater staining for markers of apoptosis within the lumbosacral region of the spinal cord (G. T. Liu et al., 2003) . Either blocking protein synthesis or NMDAmediated overexcitation may help preserve spinal cord plasticity by reducing the induction of this destructive effect.
The link between the shock-induced deficit and cell death provides an attractive account of our results. However, it also raises a mystery. Both the consequences of protein synthesis and cell death should be very long lasting. Yet, we found that the deficit observed after our usual shock treatment wanes after 48 hr . It is not clear why or how the capacity for instrumental learning recovers. One possibility is that surviving neurons reorganize, allowing new functional pathways that help restore learning capacity.
Elsewhere, we have shown that uncontrollable nociceptive stimulation undermines the recovery of function after a contusion injury (Grau, Garcia, Ferguson, Crown, & Miranda, 2001; Hook et al., 2002) . Spinally injured rats given just 6 min of uncontrollable shock 24 hr after injury exhibited poorer sensory-locomotor performance 6 weeks later. An equivalent amount of controllable shock had no effect. Uncontrollable shock could undermine recovery because it amplifies active destructive processes (e.g., apoptosis; Crowe, Bresnahan, Shuman, Masters, & Beattie, 1997) that occur after injury. The present results suggest that interrupting this process by inhibiting protein synthesis could reduce secondary damage after injury. Studies are in progress to evaluate this possibility. Research is also being conducted to examine the role of protein synthesis in mediating the consequences of controllable shock.
